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Abstract. In this work we have reviewed the most of known investigations of the initialization 
of combustion processes of water-coal fuels. The main problems of such study were 
emphasized. The definitive effects and factors (like mixing ratio, milling quality, the 
temperature of the oxidant, properties of the components and methods of the slurry preparation 
etc.) which have strong influence on inertia and stability of the ignition were analyzed. 
1 Introduction 
The water-coal fuel (WCF) is a highly dispersed system (water, milled coal and chemical dopants) 
which usually has different type of coal as combustible base. The usage of the WCF instead of oil-
based fuels became very popular in China, Japan, Sweden, Germany, USA and some other countries 
during the “energy crisis” at the end of 70-s of previous century. Nowadays the investigations of WCF 
are very popular in China and Japan.  The most famous among related Chinese scientific centers is 
Governmental Center of Water-Coal Technologies of China. At 2006 China produce and utilize near 
15 million tons of WCF per year (enough to produce 10-12GW of electricity), whereas at 2001 they 
have produced just a bit more than 2 million tons of WCF. Regarding to existing plans, the production 
of the WCF in China will grow up to 100 million tons per year at 2020 [1]. The significance of the 
WCF technologies development is highlighted by big amount of Chinese scientific papers devoted to 
investigations of WCF usage (for example, see [2–9]). 
Japan has switched from demo projects of 80-s to industrial usage of the WCF now, using 
significant basics of creation and usage of the water-coal fuels [10–15]. They mostly use steam-boilers 
with power 20-600MW. Approximately 800.000 tons of WCF per year was utilized there during last 
years. However the water-coal compositions are mostly imported from China and just small part was 
produced at own production units (using traditional cavitation technology of highly concentrated 
slurry production).  
The first activity about creation of the water-coal technologies in Russia was appeared at 50-s of 
previous century. At the USSR it was initiated by the growing problem of utilization of fine coal 
sludges that massively appeared at the time of intensive development of hydraulic mining and 
hydraulic transportation of the coal as well as at enrichment of coal by “wet” methods. The leading 
research institutions of the USSR (NPO Gidrotruboprovod, VNIIgidrougol’, ИГИ, IFC AC USSR 
etc.) were invited to solve this problem. The second wave of the scientific investigations related to 
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WCF was started at 70-s of previous century after the visit of soviet government delegation to Italy. 
Active investigations of creation and combustion of the WCF were conducted there. The experimental 
industrial pipe-transportation system (Belovo-Novosibirsk, the length is 262km and the total 
performance is 3 million tons per year) for water-coal mixture was built at 1989 with participation of 
Italian company “Snamprogetti”. The pipe-transportation system was designed for transportation of 
the WCF with coal content fraction ~62%. Approximately 350.000 m3 of WCF was delivered to 
Novosibirsk TEP-5 during the time from 1989 to 1997. Unfortunately, due to some external reasons 
the pipe-transportation system was stopped at 1997 during the maintain works at Novosibirsk TEP-5
and this industrial experiment was not totally finished. 
At the end of XX century the basic data about combustion of the WCF were obtained and at the 
same time the effective technologies of preparation and usage of water-coal slurries were created [17–
26]. However, taking in account the real needs in usage of WCF, some countries with deficit of 
natural resources support research and development activities for improvement of water-coal 
technologies [2–15]. As result, the systematization of any data about ignition and combustion 
processes is still of interest. 
2 The main achievements of the last years 
The processes of combustion of water-coal fuels are multi-stage by the nature and actually reproduce 
the similar processes at combustion of traditional liquid fuels or coal particles (burned in the 
pulverized state). Together with this there are some principal differences present. In particular, the 
main differences between ignition and combustion of water-coal slurry droplet and pulverized solid or 
liquid fuels are following [27]: low-temperature activation of the reaction surface at the ignition stage; 
growth of the specific reaction surface at the main combustion zone; the intensification of the 
combustion due to the reaction of carbon with steam, which goes in parallel to the main oxidation 
reaction. 
Experimental [27–29] and theoretical [30–32] investigations allows to distinguish the typical 
stages of the WCF droplets combustion: the inactive heating; the evaporation of water from the 
droplet; exiting and combustion of the volatiles that presents inside coal; the burning of the carbon.
The last stage takes longest time and it can be up to 90% of total droplet life-time [32]. For example, 
fig.1 shows the stages of water-coal slurry droplet burning (for different types of coals) which were 
obtained by high-speed video recording [29]. 
a b c d
Figure 1. Typical stages of the droplets burning [29]: a – anthracite-based WCF with average particle size 171 
mkm; b – lignite-based WCF with average particle size 145 mkm; c – coal-based WCF with average particle size 
135 mkm; d – mixed lignite-coal-based WCF with average particle size 125 mkm. 
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It was proven [29] that water has evaporated at the first stage (the droplet size does not change a 
lot). Further, there is heating of the agglomerate with changes of its shape (which is accompanied by 
corresponding growth of transversal and longitudinal sizes of the droplet). The last stage (combustion 
of the agglomerate) is characterized by fast (almost exponential) growth of the droplet temperature.
Thus the open fire was not registered for anthracite that contains relatively small amount of volatiles 
in contradistinction to the case for slurries that has coals with enough high amounts of volatiles.  
It was shown [29], that delay times of the agglomerate ignition grows non-linearly and the 
maximal temperature of combustion decreases with growth of water content in slurry. 
At present time we can pick out enough large set of the theoretical and experimental works that 
was done to investigate the processes of creation and utilization of the WCF. Mostly it is oriented to 
study the influence of the component ratio of slurries, the parameters of the combustion chambers, 
properties of an oxidant on the conditions and characteristics of stable combustion of the WCF. The 
corresponding physical and mathematical models were built using the mentioned experimental data. 
2.1 The influence of coal/water ratio onto the characteristics of processes of ignition 
and combustion of the WCF. 
One of the fundamental problems of modern technologies of water-coal fuel usage is the choice of the 
actual concentrations of the main components. It has to support the stability of the fuel compositions, 
their manufacturability, fuel processing, enough high combustion efficiency, stable ignition, minimal 
transportation costs and costs of the storage. The “water/coal” ratio affects both the structure of the 
WCF (fig. 2) and its reaction characteristics [29]. 
At fig. 2 one can see that water-coal slurry becomes less uniform with growth of water fraction 
amount. This finally affects onto the process of its combustion. The growth of ignition delay and the 
decrease of the ignition temperature of the fuel (that lead to sharp growth of the temperature curve at 
fig.2b) were designated [29] by the investigations of the influence of water content in coal-based 
slurry.  
а б
Figure 2.The images (a) of droplets of the WCF with different water fraction (35 %, 50 % and 75 %) with 
average size of coal particles near 26 mkm; The influence (b) of the water fraction of the slurry (that made of the 
coal) onto the ignition process characteristics [29]. 




The results of the investigations of combustion speed for the extremal cases of “water/coal” ratio 
(“wet” and preliminary dried “dry” particles of WCF) are shown at [33]. The particle size was 
changed inside the range d=400–2000 mkm. The range of changes of the ignition temperature was 
870–1670 K. The heating of particles was done by CO2 – laser. The results of the experiments [33] 
were presented as integral dependence of effective weight speed of combustion of the fuel droplets on 
heating temperature (Fig. 3). 
It was shown [33], that the weight-speed of the droplet combustion is higher at the same 
temperature of chark residue than for the case of preliminary dried slurry. This fact is defined [33] by 
thermo-chemical interaction of the chark carbon with steam which leads to creation of low-reactive 
complexes that accelerate the ignition of the carbon residue. 
Figure 3. The weight-speed of the slurry droplet combustion (1) and the same for preliminary dried droplet (2): 
the size of “water-filled” particles d=400–2000 mkm, the size of “dried” particles d=68–315 mkm [33]. 
The theoretical investigations of the integral characteristics of the WCF particles ignition at 
different concentrations of coal were done in [34]. The conjugation of the main processes of “thermal 
processing” was taken in account inside the frame of used models of heat-mass-transfer. Models 
includes passive heating, water evaporation, thermal decomposition of organic components of the 
fuel, seepage heat and mass transfer, chemical interaction of the chark carbon and steam, the exiting 
of the combustible volatile components and products of the steam-carbon interaction, their ignition 
and combustion. The dependencies of the ignition delay τd on concentration (weight fraction) of the 
coal (φ4) inside the WCF (fig. 4) were obtained in [34] as simulation results for different diameters of 
fuel particles.
Figure 4. The dependence of the WCF ignition delay on weight fraction of coal component for particles with 
different initial diameter [34]: 1– d=0.8∙10-3 m; 2 – d=0.6∙10-3 m; 3 – d=0.4∙10-3 m. 
Regarding to fig. 4, the values of τd grows with φ4 up to φ4=0.55–0.65. Further growth of the coal 
fraction leads to relatively small decrease of the ignition delay (approx. 5-10%). These dependencies 
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[34] caused by changes of effective thermal conductivity of WCF (that is defined by ratio of water and 
coal in the fuel composition). The thermal conductivity of water is essentially less than this parameter 
of the coal component. As result, in presence of high water fraction the warming of the thin 
subsurface layer of the water-coal fuel up to the boiling temperature occurs faster than in case of the 
uniform coal mass. A little decrease of τd values (5-6%) at water content mass fraction less than 0.3 
caused by decrease of the heat consumption for phase transitions (evaporation of water) [34]. It is 
evident that influence of component ratio (solid/liquid) inside the droplet of the WCF on the ignition 
delay goes down. It is additionally shown [34] that growth of external medium temperature leads to 
decrease of the influence of the solid phase mass fraction value onto inertia of the ignition.  
One of the first set of the investigation results about influence of the slurry humidity on the 
beginning stages of the heating and evaporation of water-coal fuel droplets were present at [35]. The 
experimental setup for investigations of combustion of the WCF droplet [35] was a metallic sphere 
with four co-orthogonally oriented holes with glass windows that allows monitoring of the ignition 
process. The high speed video recording of the observed processes was done. The droplet was 
suspended on the platinum thermocouple ring and introduced into the oven chamber. The 
thermocouple was measuring the temperature of droplet surface. The second one thermocouple was 
installed in the middle of the ring to measure the temperature inside the droplet. The temperature of 
the air (oxidant) in [35] was like 870-1270K. The observed slurries with working humidity from 45% 
to 80% were made from coal types “G”, “D”, “OS”, “A” and droplets diameter was from 1mm to 
3.5mm. It was shown in [35] that process of heat release without visual observation of combustion (2 
stage) was started before the finish of water evaporation (1 stage). The droplet was dark but its 
temperature was growing with growth of the volume for the costs of strong evaporation and exiting of 
gases [35]. The fuel mixture that appeared near the surface of the droplet after the water evaporation 
and thermal destruction of the organic part of coal was ignited at the end of the second stage. The third 
stage was heterogenic ignition and combustion of the carbon and gas-phase combustion of the 
volatiles. These stages are preliminary before final burning of the chark residue which occurs much 
faster [35] due to formation of the well-developed reactive surface.  
Fig. 5 shows the influence of slurries humidity on the time of the initial droplet evaporation and on 
the duration of the second stage (the thermal emission without visual observation of combustion 
process).  
Figure 5. The influence of the slurries humidity [35] on the evaporation time τ1 and onto the duration of the 
second stage τ2: 1 – τ1 at the T = 1070 K; 2 – τ1 at the T = 1170 K; 3 – τ1 at the T = 1270 K; 4 – τ2 at the T = 1070 
K; 5 – τ2 at the T = 1170 K; 6 – τ2 at the T = 1270 K.
The full duration of the first two stages of the process is growing with humidity because the 
duration of the first stage (that is definitive in time scales) grows with humidity stronger than it 
decreases at the second stage. The intensity of the combustion is growing with humidity of the fuel 




[35]. It occurs due to well-developed reactive surface of the chark residue that appears at the process 
of water evaporation from the fuel droplet. 
The emphasized results allows us to make conclusion that ignition delay grows non-linearly with 
water mass fraction of the WCF and the reactivity of the fuel grows too (with decrease of the ignition 
temperature and increase of the fuel combustion speed).  
2.2 Conditions and parameters of ignition of the water-coal fuel droplets based on 
different types of coals 
Thermal physical and chemical characteristics of different types of the coal that usually used for 
water-coal fuel preparation can be enough different [29]. This fact has direct influence on the integral 
characteristics of ignition and combustion of the WCF droplets. Typical images of the water-coal 
droplets based on different types of a coal are shown at fig. 6a. The well-developed inner surface of 
the lignite gives very good possibility to fill pores by water more or less uniformly and to realize more 
uniform structure of the fuel relatively to coals with higher level of metamorphism. The investigations 
of the main properties of coals that has influence on ignition and combustion of the WCF are 
presented at [29]. The fig. 6b shows changes of the temperature during ignition and combustion of the 
WCF droplet [29] that was prepared on different types of coals (lignite, coal and the anthracite) with 
mass fraction of water near 35%. One can see the exponential growth of the temperature (fig. 6b) that 
is typical for fuel ignition after the water evaporation. The much higher temperatures and the smaller 
combustion times are typical for slurries based on coals with higher content of volatiles.  
a b
Figure 6. The images of the WCF droplets (а) based on lignite, coal and anthracite particles (the average sizes are 
26, 25 and 31 mkm correspondingly). The changes of the WCF temperature (b) at the processes of ignition and 
combustion for all three types of coal [29]. 
The results of calculations about definition of the ignition delays of different types of water-coal 
fuels are presented in [34]. The described WCF were based on coals type ASH (Donetsk coal region), 
type “D” (Kuznetsk coal region) and lignite type “B2” (Berezovsk deposit area). The main results of 
the numerical investigations [34] are presented at fig. 7.
It is worth to note, that shorter ignition delays are typical for WCF particles based on lignite (fig.
7). It occurs due to higher reactivity of the lignite (it has higher content of volatiles) and due to low 
thermal conductivity of it. The water-anthracite particles has slowest ignition. The increase of the 
oxidant temperature leads to decrease of the differences of ignition delays for the WCF based on 
different types of coals (fig. 7). 
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Figure 7. The dependence of the ignition delay of the WCF on the temperature of oxidant for different types of 
coals with different particle sizes [34]: 1, 3, 6 – 1∙10-3 m; 2, 4, 8 – 0.8∙10-3 m; 5, 7, 10 – 0.6∙10-3 m; 9, 11, 12 –
0.4∙10-3m (1, 2, 5, 9 – type “ASH”; 3, 4, 7, 11 – coal type “D”; 6, 8, 10, 12 – coal type “B2”). 
Using the results of [29–34], one can make conclusion that from the point of the lower inertia of 
ignition the most suitable coal components for WCF are those with lower level of metamorphism,
higher content of volatiles and lower thermal conductivity. 
2.3 The influence of the coal particle size onto parameters of ignition and combustion 
of the WCF. 
The fig. 8 shows images of fuel slurry based on lignite with 50% of water for different coal particle 
sizes (26 mkm, 359 mkm) and for their 50/50 mix [29]. The decrease of sizes of the coal particles 
leads to growth of specific surface of the solid phase relatively to the slurry volume. Also the decrease 
of slurry particle size leads to growth of the viscosity of the slurry. The irregularity of solid phase 
distribution occurs after addition of the bigger coal particles to the slurry of small particles. The 
“empty” space appears in this case inside the droplet (see fig. 8c), that can be interpreted as presence 
of pores or cavities. 
a b c
Figure 8. The images of the WCF droplets [29] based on lignite (50 % of water) with different coal 
particle sizes: 26 mkm (a), 359 mkm (b) and 50/50 mix (c) of 26 mkm and 359 mkm. 
The influence of sizes of coal particles used for preparation of the WCF on the combustion time of 
volatiles and following chark residue agglomerate was shown at [36]. There were analyzed the coal 
particles with average size 4 mkm and 40 mkm, and also the soot particles with 0.045 mkm size.
Characteristic sizes of the analyzed water-coal droplets were 200–500 mkm. The experiments were 
done in flow reactor. The temperature inside the chamber during the investigations of the volatiles 
exiting and combustion of the agglomerate was 1450K. It was shown that combustion time of two 




WCF droplets with the same sizes (prepared using 4 mkm or 40 mkm coal particles) grows from 20ms 
to 120ms with droplet size growth from 200 mkm to 500 mkm. The temperature of the droplet during 
the combustion of the volatiles was exceeding ambient air temperature in chamber for 1000 K (fig. 9). 
The temperature and the combustion time of the chark residue (fig. 10) immediately depends on initial 
size of the WCF droplet. The influence of the coal fineness onto the chark residue combustion is very 
low [36]. The combustion of the agglomerate with 40 mkm particle size is evidently faster. 
a 
b 
Figure 9. The combustion time of the volatile components for different sizes of the WCF droplet, when the coal 
particle sizes are 4 mkm and 40 mkm (a). The temperature dependence of the fuel droplet on droplet size for the 
same coal particle sizes [36]. 
The combustion of the agglomerate that produced from WCF with different coal fineness was 
investigated in [37–39]. It was shown that decrease of the particle sizes in agglomerate does not lead 
to essential growth of the combustion speed as one can preliminary assume.
a 
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bFigure 10. The combustion time of the chark residue for different droplet sizes. The coal particle sizes are 0.045 
mkm, 4 mkm and 40 mkm (a). The temperature of the chark residue (b) for the different droplet sizes [36]. 
The influence of both the fineness degree and the changes of inner structure of the coal particles on 
reactivity characteristics of the WCF were investigated at [40]. The synchronous thermal analysis was 
used (TGA) [40]. Three types of coals from different Chinese deposit places were analyzed. The main 
feature of this investigation [40] is that coal dust processing was up to micrometric scale sizes by 
usage of the planetary mill with different processing times (4, 8, 32 hours). The specific reactive 
surface of coal matter was essentially increased here. As shown at [41, 42], the milling of the coal by 
mills with intensive mechanical effect can lead to essential changes of the properties of coal. These 
are transformation of the porous structure, appearance of solvable products and volatiles, appearance 
of strong electrical fields, the emission of an electrons or free radicals, creation of new active surfaces, 
chemical transformations with destructions of some bounds of organic matter of the coal and changes 
of molecular weight distribution. Changes of the structure of matter under the mechanical processing 
leads to growth of reactivity of coals [40–42]. The usage of such coals for preparation of the WCF can 
give us the growth of the WCF reactivity. 
The water-coal fuel in [40] was composed from 50 % of coal, 49 % of water and 1 % of 
plasticizing agent. The main results of [40] are shown at fig. 11. 
It is evident that at different heating speeds (12.5 K/min, 25 K/min and 50 K/min) the ignition 
temperature of the WCF goes down with decrease of the average size and corresponding growth of 
specific surface of coal particles (that is related to the typical sizes of pores on the fuel surface). The 
significant decrease of the activation energy of the WCF was also emphasized due to development of 
the inner surface of the coal matter. 
We can make conclusion that in common case the sizes of particles used for preparation of the 
water-coal fuel does not has essential influence onto parameters of ignition and combustion processes. 
The comparison of results for different regimes of modern systems of fuel processing for thermal 
energetics makes it clear. Thus, the source of raw materials for the WCF preparation is enough large. 
 




      
      а      б
Figure 11. The ignition temperature of three different coals (a) at different speed of heating. Activation energy 
changes (b) for process of the WCF ignition [40].
2.4 The atomization of the water-coal fuel 
Special systems of fuel atomization are used inside the oven chambers for intensification of the 
combustion processes. In contrary to liquid fuels, the decay of the WCF droplets has own features. 
The decrease of the coal particles sizes inside the WCF droplets can stimulate the droplet decay going 
to smaller fragments. At another hand, it increases the viscosity of the slurry and therefore make 
droplet more stable in presence of the external aerodynamic forces. The work [43] shows that average 
size of the droplets by Sauter (at the end of the secondary droplets decay for finer droplets) is bigger 
than average droplet size for the WCF decay starting from bigger sizes (fig. 12b). This fact is 
permanently present even if pressure inside the nozzle was changed (fig. 12b). This effect could be 
explained [43] by the decrease of the slurry viscosity at particle size growth.  
    а         б
Figure 12. Characteristics of an atomization of the WCF made from coal dust with particle sizes (32-45 mkm,
45-63 mkm and 63-90 mkm): the size distribution of droplets (а); the dependence (b) of the average droplet size 
by Sauter (at the secondary WCF decay) on pressure at the nozzle [43]. 
Similar results were obtained by another authors (for example, [44, 45, 46]), where it was proven 
that the size of the coal particles inside the slurry grows during the secondary decay.  
2.5 Usage of the computational hydrodynamics for optimization of the WCF ignition 
process inside the technological devices 
The combustion of the atomized water-coal fuel has enough complicated sequence of stages. The 
fundamental of them are: the decay of the WCF stream inside the combustion chamber for droplets; 
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thermal energy exchange of the droplets with ambient medium; exiting and combustion of the 
volatiles which are products of thermal decomposition of the complicated organic compounds of the 
fuel; the combustion of the solid residue which is interaction between chark carbon and gas 
components (О2, СО2, Н2О) that are diffusing to the droplet surface. Not only fuel parameters has to 
be taken in account but also external conditions related to chamber design or method of fuel 
combustion has definitive influence.  
One of the fundamental problems during the development of physical and mathematical models 
for complex investigations of the WCF combustion is choice of an optimal simplifications that allows 
to obtain enough good correlation between the simulation and experimental data. On the other hand, 
the simplified approach should operate without excessive deepening into details of physical and 
chemical processes. Just relatively small set of an appropriate models could be emphasized for 
nowadays. 
For example, the models of non-isothermal and incompressible multi-component gas together with 
two-parametric model of turbulence were used for description of the WCF droplets combustion in 
[47–49]. The convective and radiation thermal exchange between the droplet and the environment 
were taken in account. The splitting of the jet into droplets was not considered. The estimated finite 
distribution of sizes of the WCF droplets was predefined. The difference of such method from the 
model of coal particle combustion was in certain difference of activation energies for fuel droplets 
oxidation. 
The simulation of the secondary decay of the WCF droplet was done in [50]. The Large Eddy 
Simulation method (LES) was used there together with Volume of Fluid (VOF) method for free 
surface approximation. The non-Newton fluid theory was used to describe the viscosity effects for the 
water-coal fuel. The comparison of this simulation results with experimental data [51] shows that 
proposed at [50] approach allows having enough good correlation in case of right choice of the 
rheological properties of the slurry. 
The recent models of conjugated thermal-weight transfer based on non-stationary differential 
equations for the system “WCF particle - oxidant” (for example, [52–56]) has enough wide set of an 
assumptions. These assumptions mainly limits the application of the simulation results for sets or jets 
of particles [52–56] that typically present in the real power units (it appears there due to fuel 
atomization). Using these models, one can make estimations of integral characteristics  of an 
individual WCF particle ignition (in particular about the ignition delay time, the extreme temperatures 
etc.). It is also possible to emphasize the dependencies of these parameters (products of combustion, 
screening surfaces of combustion chamber etc.) on environment  temperature and particle size. 
Additionally these models allows to distinguish the scales of influence of the exothermal effects of 
water evaporation, thermal decomposition of the organic part of the fuel, chemical interaction of chark 
carbon and steam. It describes changes of thermo-physical properties of coals with temperature 
growth or changes of particle shape and finally estimate the effect of all mentioned earlier onto the 
conditions and parameters of ignition. The mentioned theoretical works [52–56] demonstrates enough 
good correlation with experimental data. However analysis of the results and their connection with 
initial data gives the reason for conclusion that corresponding assumptions and simplifications could 
be enough hard to use for the analysis of the WCF systems. 
The big number of conjugated physical and chemical processes, the non-Newton behavior of a 
slurry and some other features of the WCF droplets combustion requires to build very complicated 
and non-trivial models. Such task is not solved yet and opens the wide area for future investigations. 
3 Conclusion
Current analysis of the known approaches to investigation of the ignition and combustion processes 
for the WCF together with analysis of their results allows to make conclusion about a large 
groundwork of scientific society in this area of knowledge. The obtained results shows essential 




possibilities regarding to driving of the WCF ignition and, as result, the potential of growth of the 
efficiency of WCF usage in energetics.  
The review was done for the expenses of funds of Russian Science Foundation (project № 15–19–
10003).  
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